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Abstract 
The effect of thermal treatment at the temperature ranging from 800 to 2800°С on electrical resistance, specific adsorption 
surface and Raman spectrum of nanodispersed carbon black samples was investigated. It was determined that during the 
temperature increase, at first, the sample electrical resistance decreases (till the temperature of 1100 - 1600°С), and then rises. 
Specific adsorption surface decreases to geometrical one with the increase of the treatment temperature. New band appears 
within the range of ~ 2570 cm-1 in Raman spectra after the thermal treatment at the temperature of 2000°С and higher. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Omsk State Technical University. 
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1. Introduction 
Among the existing diversity of various nano-size carbon materials, nanodispersed carbon black (NDCB) has the 
widest range of applications. Its conductive brands used in industry for antistatic polymeric composites production 
(tires, cable jackets, hoses for pumping explosive and flammable fluid, conveyor belts, etc.) are of particular interest 
[1-3], those brands being used for chemical power source electrode paste production as well [4-6]. Nowadays the 
main synthesis process of conductive NDCB is liquid hydrocarbon high temperature oxidative pyrolysis (furnace 
method) [7]. This method, however, allows to obtain the end-product with properties conforming not to all 
consumer requirements. Moreover, the choice of industrial synthesis conditions is mostly of semi-empirical nature, 
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and this is primarily connected to the complexity of the processes involved in oxidative pyrolysis as well as limited 
range of means promoting NDCB electrical conductivity increase. 
Various kinds of modifying treatment (thermal, thermal oxidative, and thermal-gas-chemical) are mostly used for 
detailed research and modeling of nanodispersed carbon black properties in simplified controlled conditions. The 
findings of investigation on effect of steam thermal oxidative treatment on NDCB particles structure and properties 
are reported in [8]. Also thermal oxidative treatment of non-conductive NDCB samples results in electrical 
resistance decrease till the values typical of highly conductive brands of nanodispersed carbon black [8]. The same 
paper specified that the nature of NDCB particles structural parameters changes after thermal oxidative treatment is 
similar to that of structural changes observed in the particles after high temperature treatment under vacuum 
induction heating [9]. Herein the results of investigating the thermal modifying treatment effect on NDCB 
properties, namely on conductive properties, are presented.  
2. Experimental 
Thermal treatment was performed in Tamman laboratory furnace of electrical resistance at the temperature range 
of 800 - 2800°С. Thermal treatment subject was heated in a closed graphite crucible till the specified temperature 
and was held for 20 minutes at the given temperature value. The heating and cooling of the crucible was conducted 
in N2 medium. 
The study subjects were NDCB samples with different specific surface by nitrogen adsorption obtained in 
experimental industrial equipment for NDCB synthesis: P 514 (Ssp = 50 m2/g; GOST 7885-86), P 234 (Ssp = 103 
m2/g; GOST 7885-86), P 267-E (Ssp = 246 m2/g; TOR 38 11574-86), PO 1 (Ssp = 545 m2/g) and PO 2 (Ssp = 755 
m2/g). PO 1 and PO 2 thermal treatment subjects are experimental samples of thermal oxidative pyrolysis.  
Conductive properties of heat-treated samples were measured with the equipment consisting of a dielectric 
cylinder with inside diameter of 17 mm and height of 95 mm, two steel cylindrical electrodes, and a universal 
measuring bridge. Schematic electrical diagram of the equipment is shown in Fig. 1a. Powder column with weight 
of 1 g was compressed till the minimum height of 7 mm, and staged measuring of electrical resistance (R) was 
performed per each millimeter in the column height range from 10 to 7 mm (Fig. 1b). At minimal height (7 mm) the 
powder column was put into the standard bridge four-terminal circuit branch [10]. Measurement uncertainty was no 
more than ± 6 %. Battery voltage in the bridge circuit equaled to 1 V.  
 
  
a b 
Fig. 1. (a) Schematic electrical diagram of the equipment for measuring bulk electrical resistance: 1, 3 are steel electrodes; 2 is NDCB sample. (b) 
The dependence of electrical resistance of the untreated and heat-treated NDCB samples on powder column height. 
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Samples textural properties were determined by low-temperature nitrogen adsorption on equipment Sorptomatic-
1900, "Сarlo Erba Instruments", and also with specific surface analyzer "Areametеr II", "Juwe". 
Samples microstructure changes were investigated due to Raman scattering spectroscopy. The spectra were 
measured with Raman Fourier spectrometer RFS-100/s, "Bruker" with excitement by Nd-YAG laser with 
wavelength λ = 1064 nm and the power capacity up to 1 Wt, spectral resolution was 3 cm-1. Research samples were 
in form of the table with ratio KBr: sample ≈ 100:1. Spectra treatment was performed with software OriginLab. 
3. Results and discussion 
It was earlier discovered that steam thermal oxidative treatment of NDCB particles results in monotonous (to two 
times) decrease of the measured powder electrical resistance and is followed by the significant increase in specific 
adsorption surface Ssp (up to 1850 m2/g) [8]. However, the current research results demonstrated that thermal 
treatment of the study subjects leads to non-monotonous change in electrical resistance with the temperature rise. 
The following holds for all studied subjects: the resistance decreases in temperature range till 1100 – 1600 °С and 
increases in the temperature range up to 2800 °С, rising till the values higher than that of the untreated samples. 
Also the features of the study subjects response were investigated under treatment. In P 234 and P 514 samples, 
i.e. "smoother" NDCB, dependence of electrical resistance on the treatment temperature at powder column height of 
7 mm is more obvious than in "rougher" oxidized NDCB, P 267-E, PO 1 and PO 2 (Fig. 2a). It was specified that 
the treatment of non-conductive NDCB P 234 at the temperature range of 1100 – 1600 °С results in resistance 
decrease till the values characteristic of standard conductive NDCB, P 267 E.  
Moreover, it was determined that under thermal treatment starting at the temperature range of 1100 – 1600 °С, 
initial NDCB adsorption surface decreases to geometrical at the maximal temperatures of thermal treatment (Fig. 
2b). The percent of the structure defects decreases gradually. At the same time, it is the most obvious in highly 
oxidized NDCB samples with higher initial specific surface. Similar trends of adsorption surface changes due to 
treatment temperature were recorded in [9], which were explained by the crystallite number decrease (acting as 
adsorption centers) during the temperature increase. By X-ray analysis the authors [9] determined that the 
temperature increase results in crystallite sizes increase, and in the meantime the faulted structures percent decrease 
was followed by the decrease in D and G bands intensity ratio (ID/IG) in Raman scattering spectra.  
 
 
a b 
Fig 2. (a) The dependence of NDCB samples electrical resistance on treatment temperature at compression to 7 mm. (b) The dependence of 
NDCB samples specific adsorption surface on the treatment temperature 
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The results of the microstructure investigation performed due to Raman spectroscopy on NDCB P 235, as an 
example, are shown in Fig. 3 and Table 1. Raman spectra analysis of untreated and heat-treated NDCB P 234 (Fig. 
3) demonstrates that intense narrowing of D and G bands (table 1) occurs only till the temperature of 2000 °С and, 
with the following increase of thermal treatment, full width at half maximum (FWHM) does not change 
considerably. Earlier, the similar D and G bands narrowing during thermal treatment was noticed in [9, 11]. 
Table 1. The maximum (ω) positions, full width at half maximum (FWHM) of Raman spectra bands of untreated and heat-treated NDCB P 234  
NDCB sample 
ωD  
(cm-1) 
FWHMD  
(cm-1) 
ωG  
(cm-1) 
FWHMG  
(cm-1) 
ωD(G´)  
(cm-1) 
FWHM2D(G´)  
(cm-1) 
Untreated 1300 247 1572 141 – – 
1100 °С 1303 206 1581 111 – – 
1600 °С 1289 114 1598 64 – – 
2000 °С 1288 54 1603 39 2562 74 
2400 °С 1288 48 1602 34 2564 55 
2800 °С 1289 43 1603 35 2565 56 
 
At the same time it was discovered that at the temperatures higher than 2000 °С during NDCB P 234 treatment 
the band with the frequency of ~ 2570 cm-1 appears in Raman spectra (Fig. 3). Moreover, the appearance of this 
band can have different explanations. The authors [11] classified this band as D band obertone (indicated as 2D1) 
and demonstrated that the band intensity increases when the treatment temperature is increased as well. In [12-14] 
this band was indicated as G´ and its appearance in Raman spectra was connected to carbon materials with "semi-
ordered structure" [13]. The further temperature increase (more than 2000°С), as shown in Fig. 3, results in gradual 
increase in the found 2D (G´) peak intensity and the band FWHM narrowing.  
  
Fig 3. Raman band spectra of untreated (1) and heat-treated NDCB sample P234 at the temperature of 1100 (2), 1600 (3), 2000 (4), 2400 (5), and 
2800 °C (6). 
It is of interest that 2D (G´) appearance at the treatment temperatures around 2000 °С corresponds to electrical 
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occurs in "rough" samples). Moreover, the mention should be made of the fact that electrical resistance decrease is 
followed by the slight multidirectional displacements of D and G bands maxima positions (Table 1). D band 
maximum moves towards the frequency decrease, and that of G band moves towards the frequency increase. Such 
increase (decrease) of fundamental phonon frequency seems to arise from intense changing of crystallites graphenic 
components boundary atoms chemical composition (possibly, decontamination or reconstruction). In the studied 
case (of normal valence vibration А1g), connected to D band, this frequency change occurs both after thermal 
oxidative [15] and after thermal treatment at the temperature range of 1100 - 1600°С. These changes are of 
threshold nature and, for instance, after thermal treatment at the temperature higher than 2000 °С in the range of 
2000 - 3000 °С fundamental frequencies changes do not take place. 
Moreover, possible atomic mass (unnecessary for graphenic lattice stacking in crystallites) removal differently 
affects valence and deformation vibrations frequencies, i.e. in D and G bands (А1g and Е2g) they are multi-
directional, and this fact can be used for explaining the band of 2570 cm-1. Further research of maximum shifts in 
this band due to thermal treatment temperature (i.e. determination of the shift sign) would allow to receive the data 
in favour of its indication as 2D obertone or G´ 
4. Conclusion 
All recorded in the present paper changes (specific adsorption surface decrease, D and G bands narrowing in 
Raman spectra, band maximum shift, new band appearance) indicate NDCB particles structure reconstruction 
during the thermal treatment. Under thermal treatment the volatile non-essential components removal, graphenic 
planes ordering and crystallites growth tend to occur. Electrical resistance decrease at the temperatures below 1600 
°С can be explained both by the volatile non-essential components removal and possible resulting userization of 
subsurface graphenic planes taking place under thermal oxidative treatment with steam [8]. The further temperature 
increase (above 2000 °С) results in NDCB electrical resistance growth with specific adsorption surface, FWHM and  
D and G bands positions changing slightly. Electrical resistance increase is followed by the appearance of Raman 
spectra band at 2570 cm-1. Therefore, the investigated properties of heat-treated NDCB at the temperature range 
from 2000 to 2800 °С indicate possible change in electrical conductivity mechanism. The obtained data is of 
fundamental and practical interest and can be applied as the basis for the subsequent investigations of NDCB 
properties-structure relations, including other research methods.  
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